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Introduction
Among the various methods proposed to produce nanofibres and nanofibre mats (including drawing, phase separation, self-assembly, wet spinning, and others) electrospinning has been shown to be sufficiently versatile to be applied to nearly any soluble polymeric material. As a result, a large number of industrial applications have been found. A solution of polymeric material in a suitable solvent is projected from a metallic needle to an electrically conductive collector by a strong electrical field applied with a direct current high-voltage power supply (in the order of up to 30 kV). The action of the electrical field forms a jet that travels between the needle and the collector. This action causes the evaporation (at least partially) of the solvent and so precipitates submicron or nano-fibres on the surface of the collector. In the case of a static flat collector, the accumulation of electrospun fibres produces a mat of randomly oriented fibrils, whereas a high-speed rotating collector can orient the fibrils in the direction of the surface displacement [1] [2] [3] [4] [5] .
One of the applications for electrospun mats is to act as supports or vehicles for cell culture, or cell implantation, in tissue engineering strategies. In these techniques, the regeneration of a damaged tissue or organ is induced by transplanting differentiated or pluripotential cells to the site of the damage in order to produce and organize an extracellular matrix for regenerating functional tissue. It has been shown that to achieve this effect most of the cells need a substrate, a scaffold, to attach themselves before proliferating and differentiating to acquire the correct phenotype. Cellular adhesion to the substrate is mediated by extracellular matrix proteins that adsorb on the synthetic material.
Once specific ligands of these proteins are recognized by the transmembrane cell proteins (the integrins) a cascade of events takes place in the cell cytoplasm and nucleus that addresses cell behaviour, morphology, phenotype, and proliferative and migrating abilities.
In this aspect, the microstructure of the substrate plays an important role. In fact, the in vitro and in vivo biological response to a given material in the form of a flat substrate differs substantially from the response to the same material when in the form of a nanofibril
mat. An explanation may be found in the similarity of the synthetic fibres to natural extracellular matrix components [6] [7] [8] [9] . The number of research works dedicated to the study of potential of electrospun membranes, or scaffolds, in the engineering of living tissues is continuously increasing (see references [1, 3, 4, [10] [11] [12] [13] [14] [15] [16] and the references therein).
In this work, we deal with poly(ethyl methacrylate) PEMA. Due to their proven biocompatibility and in vivo stability, PEMA polymers have been extensively used in ophthalmology implants and devices, bone cements, and in other applications such as permanent implants. Electrospun mathacrylate materials are used for engineering various tissues when a biostable support for cell transport is necessary; as in the case of stem cell transport in wound dressing systems; or in the biointegrable part of a permanent prosthesis (mainly as the anchoring ring of a cornea prosthesis, but also as cement fixation elements for bone prostheses). The biological response may strongly depend on fibril morphology and orientation. The goal of this paper is to evaluate which parameters have the greatest influence on fibre thickness and size distribution in electrospun PEMA fibres, and the biological response to electrospun PEMA mats is tested using the MC3T3-E1 osteoblast-like cell line. The number of parameters that influence the morphology or homogeneity of electrospun fibrils is important: some of these parameters relate to the solution properties (viscosity, polymer concentration, polymer molecular weight, dielectric constant of the solvent, and conductivity). Other parameters relate to the electrospinning process itself (needle diameter, feed rate, electrical voltage applied, travelling distance between the needle and the collector, humidity, temperature, relaxation properties of the polymer, and chain orientation abilities due to jet straining); while another group of parameters relates to the collection (solvent volatility, alignment conditions, collector morphology, and porosity). The role of each parameter in the process and the way in which it affects fibril morphology is not well understood and contradictory results are frequently obtained when a single parameter is changed while keeping the others unchanged [2, 11] . The obvious reason is that the development of electrospun fibres following a change in a given parameter can strongly depend on the values selected for the other parameters.
To reduce the number of experiments, a statistical method, Taguchi's orthogonal array [17] [18] [19] [20] , was used with five parameters (polymer concentration, needle-to-collector distance, flow, needle diameter) with each having three possible values. A commercially available polymer PEMA was used for this method. The prepared samples were analyzed by scanning electron microscopy (SEM). Results showed that concentration and electrical field have the greatest influence on fibre thickness. The mechanical and thermal properties of the membranes were characterized. 
Materials and methods

Preparation of polymer solution
Electrospinning
We used a vertical setup for the electrospinning material with 0. Table 1 ).
To produce aligned fibres, a spindle covered with aluminium foil and mounted on a variable-speed motor was used. The rotation speeds were set at 1200, 2500, or 3800 rpm; 
Fibre diameter characterization
The electrospun fibres were characterized by a scanning electron microscope (SEM) JEOL JSM 6300 (JEOL Ltd, Tokyo, Japan) at 10 kV and ImageJ image analyzing software [22] .
The fibre diameters and segment lengths were measured from multiple SEM images, and 100 fibres were analyzed per experiment. The mean diameter and standard deviation were calculated using the expressions
L is the length of the fibre segment diameters i x . For each fibre segment, the average of three measurements taken at different points was used.
Degree of alignment
The degree of alignment was obtained by analyzing the SEM images of aligned fibres with ImageJ software and the Oval Profile (Bill O'Connell [23] ) external plug-in. Firstly, images were cropped to a size of 768x768 pixels. A fast Fourier transformation (FFT) was then applied to these images, rendering an image with pixel intensities. Images were then rotated 90° counter-clockwise to correct for the 90° rotation that is inherent in this analysis.
Oval Profile was then used to sum the pixel intensities along a circle for each one-degree sector, resulting in a graph of pixel intensities across 360°. For further evaluation only 180°
were necessary due to the mirroring properties of the graph. The FFT data was normalized to a baseline value of 0 and plotted in arbitrary units ranging from 0 to 1 [24] [25] [26] [27] .
Mechanical properties
Mechanical experiments were performed on Seiko EXSTAR 6000 equipment using the extension mode. Our samples were rectangular cross-sections: the aligned sample dimensions were approximately 16×5×0.02 mm; while the non-aligned samples measured 21×7×0.8 mm. Non-aligned samples were much thicker since they are much more fragile.
The sample elongation was measured as a function of applied tension, and measurements were performed until the samples broke. The stress-strain curves were drawn from this experimental data, and a linear fit of the initial curve was used to estimate Young's modulus of samples.
DSC
Differential scanning calorimetry was performed with a PerkinElmer Pyris 1. A dry nitrogen flow of 20 ml/min was used to enhance heat transfer. The weight of the measured samples ranged between 2 and 6 mg. Before measurements, samples were kept in a vacuum at 30ºC for seven days to evaporate the remains of the solvent employed in electrospinning.
An initial scan was made from 20°C to 100 °C at a heating rate of 10°C/min. The sample was then immediately cooled to 20°C at 20ºC/min and a second heating scan at 10ºC/min was performed.
Cell culture
MC3T3-E1 cells were obtained from the Riken Cell Bank (Japan). Prior to seeding on fibronectine-coated substrates, the cells were maintained in a DMEM medium supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin; and passaged twice a week using standard techniques. Sample disks (12 mm diameter) placed on a 24-well tissue culture plate were coated with FN 20 mg/ml (12 h at 37 ºC). Some The image system was equipped with a Leica DFC350FX camera.
Results and discussion
Fibre diameter and morphology 
and 12) and we obtained very homogeneous electrospun fibres. This is illustrated in Figure   1 , where SEM images for various cases are shown. The formation of secondary jets may produce a broad distribution of fibre diameters [28] [29] [30] . It has been reported that a narrow distribution of fibre diameters is favoured by an increase in the viscosity of the solution and a decrease in surface tension [31, 32] . The calculated mean effects of different levels of each parameter on the signal-to-noise ratio, fibre diameter, and the SD of the diameter are shown in Table 2 . Mean effects of various levels of each parameter on the SN ratio, fibre diameter and its SD. The importance of the parameter is determined by the range (difference between the maximum and minimum) of each parameter (largest range being the most important). The best level leading to the smallest diameters and the narrowest diameter distributions was also selected.
None of the sets of parameters selected yielded sub-micron electrospun fibres. From these results, we observe that concentration and electrical field have the largest influence on fibre characteristics. The effect of the concentration of the solution is quite clear:
electrospinning a solution with the lowest concentration (10% by weight) yields the thinnest fibres and with uniform diameters. This result is achieved nearly independently of the remaining parameters, and in particular, independently of the voltage applied. Table 2 shows the average value of 1.7 µm recorded in all the sets of parameters tested with a concentration of 10 wt%. As shown in Table 2 , the average standard deviation in the wt% solution it seems that electrical field has little influence on the fibre diameter and standard deviation; nevertheless, in the particular conditions of experiment 17, the fibres are significantly larger than under the other conditions. The effect of the electrical field on the fibre diameter is unclear in the literature, while in several cases a decrease in the fibre diameter with increasing applied voltages has been reported [30, [33] [34] [35] . In other cases, no significant or not monotonous change has been found [32, 36] . This may be due to the fact that changes in the applied voltage also affect other parameters in the process; such as In the next step, we choose 10 wt% for the solution concentration and 1kV/cm for the electrical field as the optimal values. These values were chosen because they have the higher signal-to-noise ratio, and at the same time, the lowest standard deviation. Other parameters have less influence on fibre characteristics. We chose a feeding rate of 5 ml/h because it is the best choice for the SN ratio, fibre diameter, and SD. We chose 10 cm for the needle-collector distance because this value has a higher signal-to-noise ratio, and produces a more homogeneous film scaffold. We chose a needle diameter of 0.3 mm because other parameter values produce needle obstructions and so make it more difficult to obtain a homogeneous film scaffold. This choice of parameters matches experiment number 1, where the fibre diameter obtained is 1.37 μm with a standard deviation of 0.20 μm (see Figure 1c) .
Aligned fibres
We used a rotating collector under the same conditions to prepare electrospun aligned fibres. By varying the motor speed to three different values (1200, 2500, and 3800 rpm), scaffolds with different degrees of alignment were obtained and compared with a randomly collected sample. For a better comparison, in Figure 3 we have plotted the normalized intensity for the four studied cases. As expected, normalized intensity at maximum speed has the narrowest distribution. At lower speeds, the normal intensity distribution broadens. The graph with randomly aligned fibres does not show any preferred orientation. shows an endothermic peak just before the glass transition, a phenomenon analogous to that observed in amorphous samples subjected to physical ageing during annealing in the glassy state at a temperature below the glass transition. During physical ageing, polymer chains in the non-equilibrium glass pack closely together while decreasing specific volume and enthalpy, and approach the equilibrium state corresponding to the annealing temperature. When heating past the glass transition, a rapid approach of the enthalpy to equilibrium values originates a peak in heat capacity. In our samples, it seems that polymer chains are forced into non-equilibrium configurations during electrospinning.
DSC
During the DSC heating scan, the chains reorganize and search for free energy minimization as they acquire sufficient mobility; and this produces an increase in the enthalpy in a short temperature interval that is manifested by an endothermic peak in heat flow in the DSC trends. It was not possible to correlate the shape or position of the peak with electrospinning process parameters -although the phenomenon appeared in all the tested samples ( Figure 4 shows a representative case). After the first scan, the electrospun sample was cooled and reheated. The thermogram recorded in the second scan shows a normal heat flow step which is shifted towards higher temperatures with respect to PEMA film and also narrows. Again it is difficult to correlate the glass transition temperature of the electrospun samples with processing parameters. DSC sample pans were opened after the experiments and samples observed by SEM showed no significant to confinement or surface phenomena [1] . However, this type of feature probably does not have a significant effect in our samples since the PEMA fibrils are not thin enough. MPa for aligned fibres and 8.5 MPa for random fibres. These results agree with those found in other aligned electrospun materials [37, 38] .
Mechanical properties
Osteoblastic MC3T3-E1 cell culture
The influence of the characteristic surface topography of electrospun mats on cell attachment has been evaluated in short-term osteoblastic MC3T3-E1 cell culture. Cell binding to the substrate surface is mediated by proteins that are adsorbed on the polymeric substrate [39, 40] . In our experiments fibronectin was previously adsorbed on PEMA surfaces. Fibronectin is a well known protein involved in the adhesion of skeletical tissue cells to extracellular matrices. Cells were cultured without serum in order to avoid adsorption of other proteins from the serum in competition with fibronectine previously adsorbed on the substrate. Specific protein domains in fibronectin are recognized by the external part of the integrin receptor 5-1 pair [40] . These pairs cluster and attract a number of cytoplasmatic proteins such as vinculin, tensin, and others, to form focal adhesions where polymerization of actin fibrils is initiated. Actin cytoskeleton is crucial in many cellular processes including survival, migration, proliferation, and differentiation [41, 42] . Development of focal adhesions and F-actin cytoskeleton of cells cultured on aligned or non-aligned electrospun mats was compared with those cultured on flat PEMA supports. 
Conclusions
Electrospun poly(ethyl methacrylate) mats were obtained from solutions of the polymer in dimethyl formamide. A study of the influence of processing parameters on the fibre morphology shows that polymer concentration in the original solution has the greatest influence on fibre thickness; while electrical field has the largest influence on standard deviation. In all cases, fibres with diameters greater than one micron were obtained. Fibres were easily oriented using a high-speed rotating collector, and mats formed by aligned fibres present an apparent elastic modulus of around 200 MPa at room temperature. Fibre formation during the electrospinning process forces the packing together of polymer chains as detected by endothermal peaks in the thermograms obtained when heating beyond the glass transition. Even after thermal treatment above T g , the glass transition of the electrospun fibres is significantly higher than in PEMA film. Nevertheless, no correlation between the glass transition behaviour of the samples and processing parameters was found. Cell attachment was tested with MC3T3-E1 osteoblastic cultured cells during short time periods on the electrospun mats. It is shown that cells present less extended morphology with more diffuse perimetral focal adhesions than cells cultured on flat substrates. A tendency of cells to align in the direction of substrate fibres in oriented electrospun membranes was also found.
